[1] Understanding the pre-anthropogenic Pb cycle of central North Pacific deep water has attracted a lot of attention in recent years, partly because of its unique geographical location in that it is a remote gyre system characterized by high dust fluxes and sluggish overturning circulation. However, the factors controlling Pb isotope evolution in this area over the Cenozoic are still controversial and various mechanisms have been proposed in previous studies. Here we report new Pb and Nd isotope time series of four ferromanganese crusts (two from the western Pacific near the Mariana arc and the other two from the central Pacific). Together with previously published records, we discuss for the first time the significance of a persistent and systematic Pb isotopic provinciality recorded by central North Pacific crusts over the Cenozoic. We propose that globally well mixed stratosphere volcanic aerosols could contribute Pb but have not been the major factors controlling the Pb isotope distribution in the central North Pacific over time. Island arc input (and probably enhanced hydrothermal input between about 45 and 20 Ma) likely controlled the Pb isotope provinciality and evolution prior to~20 Ma, when coeval Pb isotope records in different crusts showed large differences and atmospheric silicate dust flux was extremely low. After the Eocene, in particular after 20 Ma, Asian dust input has become an isotopically resolvable source, while island arc-derived Pb has remained important to balance the dust input and to produce the observed Pb isotope distribution in the central North Pacific during this period.
Introduction
[2] Lead isotopes are an important geochemical tool in studies of past and present climate change. The modern natural cycle of Pb in the ocean has been largely perturbed by human activities [e.g., Schaule and Patterson, 1981] which results in the dominantly anthropogenic origin of Pb in central North Pacific deep water [Wu et al., 2010] . Therefore, it is not possible to directly study the natural cycle of marine Pb based on present-day seawater. Rather, such studies must be based on pre-anthropogenic authigenic precipitates from seawater. Though with low temporal resolution, ferromanganese crusts have been demonstrated to be reliable recorders of the temporal evolution of ambient seawater radiogenic isotope signatures of elements such as Nd and Pb [e.g., Henderson and Burton, 1999; Frank, 2002] . Recent studies have also implied that past bottom water Pb isotope signatures can be reliably extracted from deep sea sediments, not only for the late Quaternary [e.g., Gutjahr et al., 2007] but also for the early Cenozoic [Basak et al., 2011] . The seawater isotopic compositions of those elements with oceanic residence times shorter than the global ocean mixing time are affected by additions from local sources, as well as water mass mixing. Based on studies of ferromanganese crusts and nodules, the distribution of natural Pb isotopes in the oceans was found to be more sensitive to local inputs than Nd isotopes, consistent with its shorter oceanic residence time on the order of 100 years [Schaule and Patterson, 1981; Henderson and Maier-Reimer, 2002] . Interestingly, the Pb isotope evolution recorded in ferromanganese crusts from central north Pacific deep water nevertheless shows overall similar trends since the late Cretaceous [Ling et al., 2005] . The signatures became less radiogenic (considering 208, 207, 206 Pb/ 204 Pb) from the late Cretaceous to about 45 Ma and since then have progressively shifted to more radiogenic values at present. However, the major factors controlling Pb isotopic composition of central north Pacific deep water are still under debate.
[3] The distinct late Quaternary Pb isotope signature of North Pacific deep water [von Blanckenburg et al., 1996] compared to other ocean basins requires more juvenile source rocks, such as volcanic arcs. Later, long-term Pb isotope time series data from the central North Pacific were obtained by Ling et al. [1997] , Abouchami et al. [1997] , and Christensen et al. [1997] . However, the sources and transport pathways of Pb were still largely unclear. Ling et al. [1997] suggested that a relatively constant supply of Pb to the North Pacific existed after about 30 Ma and that local island arc erosion was the most likely source. In contrast, Christensen et al. [1997] suggested that large-scale variations of continental weathering intensity and ocean circulation may have driven the oceanic Pb isotopic evolution, while differing records between their studied samples were attributed to different water masses as well as different subsidence histories of the sample locations. Abouchami et al. [1997] proposed that the Antarctic Circumpolar Current has contributed a significant amount of Pb to the North Pacific.
[4] Interestingly, records of ferromanganese crusts from the Northernmost, Northwest, and Southwest Pacific (Figure 1 ) showed completely different trends in their Pb isotope evolution and isotopic compositions compared with those of the central North Pacific over the last 20 Myr [van de Flierdt et al., 2003 [van de Flierdt et al., , 2004a Chu et al., 2006] . Because the central North Pacific deep water receives inputs from the above regions via lateral water mass mixing and via external inputs, a relatively invariant Pb isotope signature of central North Pacific deep water seems not to be expected due to the short oceanic residence time of Pb.
[5] Subsequent studies revealed that eolian dust may have been an important source of Pb for North Pacific deep water [Jones et al., 2000; Godfrey, 2002; Ling et al., 2005] . Jones et al. [2000] showed that the Pb isotopic compositions of the leachable fraction of Chinese loess were close to those of the Quaternary central north Pacific ferromanganese crusts, though considerably less radiogenic than lattice-bound silicate Pb. On the other hand, the dominance of eolian supply of Chinese loess to central north Pacific sediments at least for the Quaternary is not debated [e.g., Nakai et al., 1993; Weber et al., 1996] . Therefore, Jones et al. [2000] proposed that the leachable component of Asian dust likely dominated central North Pacific deep water Pb budgets in the Quaternary. Further, the trends of Pb isotopic compositions of the central North Pacific seawater crusts were shown to be similar to those of the silicate dust fraction of north Pacific sediment cores LL44 GPC3 and DSDP site 576 (Figure 1 ) [Godfrey, 2002; Ling et al., 2005] supporting that dust may have been the main source of central North Pacific deep water Pb over the entire Cenozoic. However, the silicate dust Pb isotope record reveals distinct mismatches with the ferromanganese crust records. For example, the dust 208 Pb/ 204 Pb record in GPC3 and site 576 prior to 45 Ma was different from the crusts both in the patterns and in the absolute Pb isotopic values. Given that the strong increase in dust flux did not result in a noticeable shift of Pb isotopes in the North Pacific over the last 3 Ma, Pettke et al. [2002] argued against the above "dust scenario", although it has recently been suggested [Willenbring and von Blanckenburg, 2010] that the Quaternary increase in sediment mass accumulation may not have been as significant as previously thought. It has been proposed that atmospheric aerosol Pb from circum Pacific island arc volcanic exhalations contributed significantly to the dissolved Pb isotope composition of the North Pacific [Pettke et al., 2002] . Following this idea, Klemm et al. [2007] argued that the volcanic aerosol Pb flux, which is effectively and globally mixed in the stratosphere, is large enough to control the Pb isotopic composition of central North Pacific deep water. The similarity between the pre-anthropogenic Pb isotope composition of the leachable fraction of Chinese loess and that of central North Pacific hydrogenous ferromanganese crust records was interpreted to be controlled by the common stratospheric volcanic aerosol deposition . Nevertheless, it was recently argued that airborne transport and water mass transport of Pb cannot be distinguished because efficient equatorial water mass mixing may homogenize the dissolved Pb isotope signatures [Meynadier et al., 2008] . The decrease of 206 Pb/ Figure 1 . Locations of the studied ferromanganese crusts marked with white edge (MKD13, MDD53, CXD55, MP3D07) together with previously published samples [Ling et al., 1997 [Ling et al., , 2005 Frank et al., 1999a; van de Flierdt et al., 2003 van de Flierdt et al., , 2004a van de Flierdt et al., , 2004b Chu et al., 2006] , DSDP 86 site 576A, and sediment core LL44-GPC3 [Godfrey, 2002; Pettke et al., 2002] . For convenience of discussion, the marginal crusts were classified into different regions (the northernmost [van de Flierdt et al., 2003] , northwest [Chu et al., 2006] , southwest [van de Flierdt et al., 2004a] , eastern equatorial [Frank et al., 1999a] , western equatorial [Chu et al., 2006] , modified Antarctic Bottom Water [van de Flierdt et al., 2004a] , and hydrothermally influenced water masses near the East Pacific Rise [van de Flierdt et al., 2004b] ). In particular, the central North Pacific crusts were also classified according to the geographical locations (red: southern; region; blue: northern region; green: eastern region). CXD55 was grown on a seamount at the Wake Island Passage which was an important channel of northward moving deep water masses [Kawabe and Fujio, 2010] , and CXD55 was included in the southern region based on its Pb isotope signature.
resulted from the crusts moving away from hot spot volcanic activities with radiogenic Pb isotope inputs, whereas afterward, the crusts have been under the influence of the highly homogenized "equatorial band" [Meynadier et al., 2008] . [6] In summary, all the above studies emphasized the apparent homogeneity of the Pb isotope signatures extracted from crusts and largely neglected potential isotope provinciality among different regions of the central North Pacific. In this study, we have investigated potential sources of Pb including circum Pacific arcs, atmospheric deposition, seamount volcanic activities, and hydrothermal inputs. A systematic provinciality of Pb isotopes is revealed in the light of newly obtained Pb isotope results from four ferromanganese crusts. (Figure 1 ).
Materials and Methods
[8] Profiles of samples with typical weights of 5-10 mg were taken from each crust. The digestion method and column chemistry for the purification of Pb and Nd followed Ling et al. [2005] . The Nd and Pb isotope data and detailed analytical and mass spectrometric information are provided in supporting information. For analysis of element contents, the crusts were cut perpendicular to growth layers and polished to obtain continuous profile of Co, Mn, Fe, Si, Al, P, Cu, Ni, and Ca using the electron microprobe (JXA-8100) at Nanjing University. We used an empirical Co constant flux method to date these crusts (see supporting information for details).
Results
[9] Applying the Co constant flux method to the Co data of the corresponding crusts, ages of 84. Figure A1 in supporting information) .
1 The Pb and Nd isotope compositions and their corresponding ages are presented in Table A1 and Figure  A2 in supporting information (see also Figure 2 ).
[10] In crust MDD53, 206, 207, 208 Pb/ 204 Pb dropped from~18.85 to~18.60, from~15.68 to~15.62, and from~38.9 to~38.64, respectively, around 45 Ma, and then slightly increased afterward. The crust CXD55 only shows a gentle decrease from about 60 Ma to 40 Ma, which suggests that this crust is not old enough at its base to cover the major early Cenozoic Pb isotope shift. The other two crusts (MKD13, MP3D07) analyzed in this study did not record the early Cenozoic radiogenic Pb isotope signatures. In particular, MP3D07 has systematically lower 207, 208 Pb/ 204 Pb than other crusts before about 20 Ma and higher 206 Pb/ 204 Pb afterward.
[11] Neodymium isotope compositions of all the crusts, on the other hand, became more radiogenic over time. Interestingly, crusts MDD53 and MKD13 are from locations geographically close to each other but at significantly different water depths. The Nd isotope signatures of the deeper water depth crust MDD53 are somewhat less radiogenic than MKD13, while there are no systematic differences in their Pb isotope records.
Discussion

A Comparison Between the New Records and Published Data
[12] Published North Pacific crusts D11-1 and CD29-2 ( Figure 1 ) were dated using the 10 Be method [Ling et al., 1997] , later the Co-method [Frank et al., 1999b] , as well as Os [Klemm et al., 2005] and Tl [Nielsen et al., 2009] isotope stratigraphy, and thus have more reliable ages. These two crusts, with locations over 3000 km apart from each other, show a marked decrease in 208, 206 Pb/ 204 Pb in the early Cenozoic albeit at different amplitudes ( Figure 2) . A previous study on crusts CJ01, CB12, and CLD01 also confirmed this overall trend [Ling et al., 2005] . In this regard, the trend of Pb isotope compositions as a function of age (i.e., Pb isotope "stratigraphy") of central North Pacific crusts is well constrained. The general consistency of the new Pb isotopic evolution trends with published data (Figure 2 ) thus supports the reliability of age models of the new crusts (MDD53, MKD13, CXD55, and MP3D07).
[13] Evidently, the systematic Pb isotope differences between different crust records at particular ages, for example around 30 Ma (Figure 2) , cannot be the result of dating uncertainties because Pb isotope signatures similar to the unradiogenic minima of the central Pacific crusts (MP3D07, CD29-2, and VA13-2) were not recorded by the western North Pacific crusts at any time (Figures 2b  and 2c ). The Nd isotope compositions of CXD55 were only measured for the last 20 Myr, and the results are well comparable to those of crust CD29-2 from the eastern North Pacific. Moreover, the new radiogenic Nd isotope record of MP3D07 resembles that of neighboring crust CD29-2 over the last 30 Myr but prior to that was less radiogenic at e Nd values as negative as À5. [14] While the e Nd evolution of MKD13 (water depth = 1530 m) is similar to that of the nearby crust D11-1 from a similar water depth (water depth = 1700 m, Figure 2 ), MDD53 (water depth = 2700 m) differs from its neighboring shallow crust MKD13 by its systematically less radiogenic Nd isotope compositions over the last 10 Myr ( Figure A2 ). These crusts may have been under the influence of different water masses within the deep western boundary current system [Kawabe and Fujio, 2010; Hu et al., 2012 ], yet Pb isotope compositions of MDD53 are not distinctively different from MKD13 ( Figure A2 ). In contrast to Pb isotopes, the e Nd signatures of the studied crusts do not show distinct regional distributions ( Figure 2 ). The differences in the evolutions of Nd and Pb isotopes thus support that Pb isotope signatures are less sensitive to ocean circulation than Nd in the central North Pacific due to the much shorter residence time of Pb than that of Nd.
Geographic Control on the Pb Isotopic Evolution in Central North Pacific Deep
Water Over the Cenozoic [Frank et al., 1999b] ; and Marshall [van de Flierdt et al., 2004a] . point roughly at 45 Ma, which corresponded to paleolocations of the crusts near the equator ( Figure  A3 ). Moreover, the data obtained in this study together with published records reveal that the spatial distribution of the Pb isotope signatures actually shows a clear provinciality in the central North Pacific, in particular after about 45 Ma (Figure 3) . Therefore, for convenience of the discussion, we divide the Pb isotope evolution into two periods at this turning point: the early Cenozoic (>45 Ma) and the late Cenozoic (from 45 Ma to the present).
Inputs From South American Continent as the Main Sources of Radiogenic Pb in the Early Cenozoic
[16] During the latest Cretaceous and early Cenozoic period (e.g., older than 45 Ma), all the crusts were located in the low-latitude Southern Hemisphere and there was no direct deep water exchange between the high southern latitude Pacific, Indian, and Atlantic basins since the Tasman gateway and Drake passage were not opened by then (Figures A3c and A3d) [Lyle et al., 2008] . In this continental configuration and with the prevailing greenhouse conditions, modeling studies [e.g., Huber and Caballero, 2003; Huber et al., 2004] have predicted the existence of a closed sub-Antarctic gyre circulation system in the South Pacific constrained by the Australian, Antarctic, and southernmost South American continents, while the westward middle to low latitude surface currents could directly transport material from the South American coastal area. On the other hand, the formation of deep water in this polar area during the early Cenozoic is still controversial [e.g., Sloan, 2001, von der Heydt and Dijkstra, 2006] . For example, while Huber and Sloan [2001] clearly showed that there was no Antarctic deep/bottom water formation under the Eocene greenhouse conditions, the simulation by von der Heydt and Dijkstra [2006] implied that deep water formation was likely to occur if allowing different initial conditions. In both cases, however, the northward transport of the southern high latitude abyssal water was clearly much weaker than at present. Therefore the oceanic environments both in the surface and the deep ocean favored the transport of Pb from the South American coastal area (i.e., the Andean arc) to the locations of the crusts at that time, rather than from the high southern latitude Antarctic or Australian continents.
[17] The Pb isotope composition of the circumPacific arcs may also reveal important information on the Pb sources of these crusts during this period (Figure 4) . It is noteworthy that the isotopic distribution representing the different arcs shown in Figure 4 likely changed in the geologic past, as the arc production histories in different areas have varied [e.g., Kaiho and Saito, 1994; Hall, 2002; Jicha et al., 2009] [18] Therefore, the Andean weathering inputs are the most likely source of radiogenic Pb isotope signatures for the locations of the ferromanganese crusts at that time. Consequently, the decrease of 206, 207, 208 Pb/
204
Pb through the early Cenozoic most likely reflects a reduced contribution from the Andean arc when the crusts moved toward the North Pacific, possibly accompanied by a shift of endmember Pb isotope compositions of the Andean arc. [19] In addition, volcanic activity of central Pacific seamounts is not expected to have contributed significant amounts of radiogenic Pb to Pacific deep water over the early Cenozoic, given that the late Quaternary Pb isotope distribution in the North Pacific recorded in the surface layers of ferromanganese crusts shows no apparent provincialities related to hotspot volcanism [e.g., Frank, 2002 . In addition, we compiled Pb isotope data of central North Pacific seamounts (GEOROC database) and compared them to the crust data in Pb signatures. However, the gentle slope of Pb isotope compositions of the seamounts in Figure 5 implies that the seamounts were highly unlikely predominant sources of Pb for the crusts in the early Cenozoic. Moreover, the least radiogenic values of the crusts appear to point to the Hawaiian Islands' isotopic range ( Figure 5 ). However, the crusts did not show a more Hawaii-like Pb isotopic signal as they moved closer to the islands over the last 45 Myr, which supports that contributions from Hawaiian rocks have not been an important source of Pb.
The Late Cenozoic Record
[20] The Pb isotope compositions of North Pacific deep water at the locations of the crusts in the late Cenozoic show a clear provinciality (Figure 3b ), whereby the period of time between 45 and 20 Ma represented the largest differences. In general, the deep Pacific Pb isotope compositions can be explained by the background arc-derived Pb signal, superimposed by potential local sources (e.g., dust dissolution, hydrothermal input, and northward transport of circumpolar water). The deep waters acquired their arc-derived Pb isotope signature due to gyre wide mixing in dissolved form [e.g., von Blanckenburg and Igel, 1999] and possibly deposition-dissolution of arc-derived volcanic aerosols [e.g., Pettke et al., 2002] .
[21] For the northern and southern region crusts, the Pb isotope compositions were relatively stable during this period (Figure 2 ). As these crusts moved into the North Pacific, the Pb input from western Pacific arcs and possibly Asian dust dissolution became progressively more important. For example, the western Pacific arcs (which are characterized by low 206, 207 Pb/ 204 Pb) were able to supply large amounts of Pb with unradiogenic isotope signatures consistent with the evolution trend of the central North Pacific crusts (e.g., Papua New Guinea, Luzon arc, and Honshu arc; Figures 4a and 4c) . Given the Pb isotope compositions were within the range of the Andean arc, the Andean arc may still constitute an important source of Pb which, however, is expected to have become progressively less important as the crust locations were moving away over time ( Figure A3 ). [22] In contrast, hydrothermal input (e.g., from East Pacific Rise; Figure 5 ) exerted a prominent influence on the eastern crust locations, in particular the deeper sites (VA13-2; Figure 3b ) during about 45-20 Ma. This is supported by (1) the lower part of VA13-2 characterized by marked dominance of goethite, indicating enhanced hydrothermal influence coinciding with the most unradiogenic Pb isotope compositions [Frank et al., 1999b] . (2) Eastern crust locations have always been remote from any major direct continental inputs. Even if they received Pb from the American arcs, such fluxes must have been minor given that the isotopic signals of these arcs cannot serve as a suitable unradiogenic mixing end-member (Figure 4b [ van de Flierdt et al., 2004b] in the southeast Pacific clearly has part of Pb derived from hydrothermal activities. And the distribution of unradiogenic Pb isotope signatures of VA13-2, CD29-2, and MP3D07 ( Figure 3) together with Yaloc forms a well-defined mixing line reaching the hydrothermal end-member (East Pacific Rise; Figure 5 ). Therefore, during the period between about 20 and 45 Ma, enhanced hydrothermal activity may have supplied hydrothermal Pb over a regional scale in the central Pacific. Though speculative, enhanced hydrothermal activity was likely associated with the remarkably high seafloor halfspreading rate (>7 cm/yr) of the eastern East Pacific Rise during this period of time [Conrad and Lithgow-Bertelloni, 2007] .
[23] Since about 20 Ma, the Pb isotope compositions of the central North Pacific crusts have followed a reversed trend toward more radiogenic signatures, which is represented by small increases in 206, 207, 208 Pb/ Pb of the deep waters at the eastern Pacific crust locations shows a more distinct increase, and consequently an apparent homogenization trend of Pb isotope signatures (Figure 2) . To discuss the evolution of Pb sources at these crust locations during the late Cenozoic, a comparison with the corresponding Nd isotope evolution is helpful. If Nd isotopes are a reliable paleocurrent tracer in the North Pacific, the general increase of e Nd in the North Pacific deep waters at the crust locations (Figure 2d ) would suggest that the unradiogenic southern component water has gradually lost its relative influence. Therefore, the reversed trend in Pb isotope signatures over the past 20 Myr cannot be explained by increasing Southern Ocean influence.
[24] Instead, the shift to more radiogenic Pb isotope compositions probably involves proximal input without significantly affecting Nd isotopes which have a longer residence time. To better understand the controlling factors, we compiled Pb isotope compositions of different water masses around the central North Pacific over the last 10 Myr (Figure 6 ). Given that the hydrothermal end-member field is far away from the studied Pb isotope distribution shown in Figure 6 , we infer that hydrothermal influence has been minimal for the central North Pacific deep water over the latest several million years. The Pb isotope Figure 6 ). This is actually not surprising. Due to the sluggish circulation in the North Pacific deep water and the short residence time of Pb, Pb isotopes in the North Pacific are expected to behave highly non-conservative. Thus, Pb isotope signatures of these water masses may have been altered by local inputs during long distance transport. Rather, Pb derived from dust dissolution is likely an important contributor to account for the observed central North Pacific Pb isotope distribution ( Figure 6 ). Obviously, the unradiogenic input from the different arcs is still necessary to explain the provinciality of the Pb isotopes over the last 10 Myr. Therefore Asian dust input could not dominate Pb source for central North Pacific crust locations, despite the fact that silicate deposition in the North Pacific has been dominantly of Asian dust origin [e.g., Nakai et al., 1993; Weber et al., 1996] . It is worthy to note that the abrupt increase of Asian dust flux to the central north Pacific over the last 10 Myr [Kyte et al., 1993] has not been reflected by a notable shift in the Pb isotope compositions of central North Pacific deep water. This is, however, not in contradiction to Asian dust dissolution having been an important source of Pb for the central North Pacific in the last 10 Myr, considering that (a) a recent study suggested that the overall global Quaternary increase in sediment mass accumulation rates, in particular in the central North Pacific may not have been as significant as previously thought [Willenbring and von Blanckenburg, 2010] , and (b) more importantly, regardless of the preservation effects, circum Pacific volcanic activity has experienced a similarly abrupt enhancement in the last 10 Myr [Kaiho and Saito, 1994; Straub and Schmincke, 1998; Prueher and Rea, 2001; Jicha et al., 2009] . Thus, it is likely that Pacific arcderived Pb inputs have also markedly increased in the last 10 Myr.
[25] A mass balance calculation indicates that more than 50% of the Pb in the central North Pacific may have originated from dust dissolution during the Quaternary (Figure 6 ). Here we take the background arc Pb isotope composition as the average of Pacific arcs. Interestingly, most of the water mass signatures point to such a background arcsignal. The exception are the marginal Northwest Pacific back-arc water masses [Chu et al., 2006] and the Northernmost Pacific with its closed deep circulation cell [van de Flierdt et al., 2003] , in which abundant local supplies of Pb have completely masked the background Pb signal. Note however that a mixing line (Figure 6 ) drawn only based on dust and the background arc-derived Pb isotope signal seems to be an over-simplification (as the data points deviate from such a two endmember mixing line) which may thus overestimate the dust contribution. In comparison, the oceanic Pb isotope modeling of an earlier study [Henderson and Maier-Reimer, 2002] only gave an estimation of about 10% of dust-derived Pb in the present central North Pacific deep water. The offset between our estimation and the earlier modeling study may be attributed to: (a) a lower estimation of dissolvable fraction of Pb in dust in the earlier modeling study. Henderson and Maier-Reimer [2002] assumed that 8% of the Pb was released from dust to the seawater based on Al solubility but acknowledged that particle surface coatings rich in Pb were not taken into account. Our leaching experiment (see Table A2 , about 3.5 ppm leached Pb out of 20 ppm Pb of bulk Chinese loess samples) indicated that Pb is enriched in the Fe-Mn oxides which results in a solubility of Pb from dust on the order of about 17%. (b) The oversimplification of boundary sources in Henderson and Maier-Reimer [2002] . Twenty-four percent of the global Pb influx was assumed to be supplied via the point source of the East China Sea. As a consequence, it may severely underestimate the contribution of dust in this area (i.e., the central North Pacific). (c) Inaccurate end-member estimations in our study, which are unfortunately hard to be improved due to the largely overlapping Pb isotope signatures of different sources. (d) Crusts incorporated Pb during glacial periods when the dust flux was much higher than at present [Chadwick et al., 1999] .
was mainly a result of the source transition from radiogenic Andean arc input to overall less radiogenic western Pacific arcs, hydrothermal inputs, as well as Asian dust dissolution, when these crusts moved from South Pacific to central north Pacific gyre as a consequence of plate movement from the early to the late Cenozoic.
[27] However, the late Quaternary 206 Pb/
204
Pb ratios recorded in the Fe-Mn crusts or nodules (Figure 7 , solid bar B) was suggested to be relatively homogenous (18.7 AE 0.1) in all ocean basins except the North Atlantic . In particular, there is no significant difference in 206 Pb/ 204 Pb between the North and South Pacific. Considering the large variability of continental rocks (Figure 7 , solid bar D), it was suggested that globally mixed volcanic aerosol flux may have been the dominant source for Pacific deep water over the Cenozoic . Moreover, besides the insolubility of silicates, the Pb signatures of the dust silicates have not matched those of seawater since the late Eocene . Rather, the similarity between the Pb isotope compositions of the dust leachates and the central North Pacific deep water was inferred to result from a common atmospheric component (globally homogenized volcanic aerosol from the stratosphere) that had been added to both the loess and the central Pacific Ocean . [28] Here we argue that the stratosphere volcanic aerosol is likely to be overestimated and that Pb isotope compositions in the central North Pacific cannot be regarded as predominantly reflecting stratosphere volcanic aerosol deposition.
[29] First, the Southern Hemisphere Pacific Ocean is characterized by a long-term dust flux about 2 orders of magnitude lower than the Northern Hemisphere [Chadwick et al., 1999] and is located far away from major continents (except glaciated Antarctica), which should be the most likely place to record a dominating well-mixed volcanogenic aerosol flux than the central North Pacific. But this was actually not observed in previous studies given that in contrast to Nd isotopes, the spatial and temporal Pb isotope variability in the Southern Ocean has been relatively high, most likely due to the influence of water mass mixing [Abouchami and Goldstein, 1995; Frank et al., 2002] .
[30] Second, the relatively small range of 206 Pb/ 204 Pb showing the Pb isotope signature of the direct atmospheric aerosol deposition from worldwide ombrotrophic peat bogs as well as ice-core sites. Peat bog and ice core data were compiled by [Kylander et al., 2010] and are shown together with the latest results of Ferrat et al. [2012] . The solid bars below illustrate the late Quaternary 206 Pb/ 204 Pb range of central North Pacific (A) [Frank, 2002] , global ocean (B) [Frank, 2002] , Pacific arcs (C) (this study), and continental rocks (D) [Kylander et al., 2010] ). Note that the gray shades (Spanish site and the ice core sites) are characterized by enhanced deposition of volcanic aerosol deposition but with extreme Pb isotope compositions (e.g., 206 Pb/ peat bogs and ice cores, which receive the nutrients and trace metals almost exclusively from atmospheric dry or wet deposition [Kylander et al., 2010; Ferrat et al., 2012] , reveals that atmospheric dust of both hemispheres (excluding the gray shades with enhanced volcanic aerosol deposition in Figure 7) is comparable with the global ocean in terms of 206 Pb/
Pb range during the late Quaternary (Figure 7, solid bar  B) . Evidently, the peat bog records are not the result of globally "well mixed" volcanogenic flux deposition as discussed in previous studies [Kylander et al., 2010; Ferrat et al., 2012] . Rather, world-wide peat bogs receive their Pb deposition mainly from local or regional continental dust supplies [Kylander et al., 2010] . In contrast, volcanogenic-contaminated records often showed extreme isotope signatures (Figure 7 , gray shades) [Kylander et al., 2010] . [31] In particular, the eastern Tibetan Plateau peat bog records are very similar to the loess leachates, e.g., with 206 [32] Therefore, we suggest that the apparent small range of Pb isotope signatures of both loess leachates and the central North Pacific deep waters cannot have mainly resulted from atmospheric deposition of volcanic aerosol-derived Pb , but local sources were obviously in most cases more important.
Trace Element Patterns of the Chinese Loess Leachates
particles, which is investigated by the leaching experiments on loess samples collected from different regions of the Chinese Loess Plateau (see supporting information for the procedure and results). The method applied is similar to the leaching of marine sediments [Piotrowski, 2005; Gutjahr et al., 2007] allowing extraction of the authigenic seawater-derived fraction of the particles.
[34] The leachable component of Chinese loess in principle could be composed of carbonates and oxides of various origins. The results show that Pb leached during the de-carbonation step only accounted for 1-20% (Table A2 ) of the total leachates, indicating that the Fe-Mn (hydro) oxides are the main host phase of leachable Pb. The Fe-Mn (hydro)oxides coatings of dust were previously referred to as "pre-formed oxides" and were suggested to exchange with seawater [Bayon et al., 2004] . Interestingly, trace metals of desert varnish (fine coating of Fe-Mn oxihydroxides on rock surfaces typically observed in arid environments) were suggested to be mainly derived from aqueous leaching of dust particles [e.g., Jones, 1991; Thiagarajan and Lee, 2004] . The agreement between trace element patterns of loess leachates and desert varnish ( Figure A4 , e.g., mid-REE enrichment, relative enrichment of particle reactive elements like Co, Ni, Pb, V, and REEs over HFSE (immobile), Rb and Sr (high solubility)) supports that their trace metals have similar origin (i.e., aqueous leaching from silicate minerals). Moreover, although Pb is clearly enriched in the Fe-Mn phase compared with the upper continental crust (UCC), there is no indication that Pb is dominated by volcanogenic deposition, as volatile and particle reactive Pb is not distinctively more enriched than the other particle reactive but much less volatile elements (Co, Ni) in the leachable component [e.g., Taran et al., 1995] . Although the trace element patterns cannot constrain the origin of leachable unradiogenic Pb isotopes due to the lack of strictly distinct end-member compositions, it lends additional support to the inference that dust leachable unradiogenic Pb isotope compositions do not reflect predominant volcanic-derived volatile Pb deposition. [35] As the ultimate sources of the soil-derived dust aerosol may have undergone several sedimentation cycles since the weathering of the primary crystalline rocks (i.e., very old soil), the less radiogenic signatures of the Fe-Mn oxides than the residue silicates [Jones et al., 2000; Ling et al., 2005] might result from the timeintegrated effect of lower Th/Pb and U/Pb in the leachable oxides than the solid residues. Nevertheless, a dedicated future study is needed in order to precisely understand the cause of the less radiogenic Pb isotope compositions in the dust leachates.
Conclusions
[36] Radiogenic Pb isotopes can be used to trace ocean circulation only at locations where local inputs have been insignificant compared to the Pb transported by advection. In many cases, such conditions are not met because of the very short residence time of Pb. Therefore, changes in the dissolved Pb isotope composition in deep water masses over time will mainly reflect the history of local external inputs. This is even evident in the Pb isotope evolution of central North Pacific deep water, which is far away from direct coastal inputs.
[37] Despite the fact that they are located in the same gyre system, the North Pacific records can be classified geographically based on significant Pb isotope provincialities. Different sources and transport mechanisms have accounted for Pb isotope signatures delivered to the central North Pacific throughout the Cenozoic. We propose that South American coastal inputs predominantly supplied radiogenic Pb to the crusts in the latest Cretaceous and early Cenozoic through wind or lateral current transport. Since approximately 45 Ma, inputs from erosion of other Pacific arcs (especially the western Pacific arcs) have become more important in order to explain the observed isotope distribution. However, the quantitative contribution of Pb from particular island arcs cannot be distinguished based on Pb isotopes alone. During about 45-20 Ma, enhanced hydrothermal input notably affected the Pb isotopes of the eastern region ferromanganese crusts. Dissolution of Asian dust and loess has been a resolvable component since about 20 Ma, when the Pb isotope evolution showed a slightly reversed trend compared to the early Cenozoic. Previously proposed stratospheric volcanic aerosol deposition could contribute Pb to the North Pacific which was nevertheless not sufficient to erase the observed Pb isotope provincialities in different areas covered by North Pacific deep water.
